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Abstract. —̂We examined the extent and type of arbuscular mycorrhizal (AM) and dark septate

endophyte (DSE) fungal associations in three lycophyte and 44 fern species collected from three

different sites in the Kolli Hills, Eastern Ghats, southern India. Of the 47 plant taxa (belonging to 21

families and 33 genera) examined, 46 had AM fungal and 33 had DSE fungal associations. But,

fungal structures were absent in the aquatic fern Azolla pinnata (Azollaceae). This is the first report

of AMand DSE fungal status for 16 and 28 species, respectively. Among terrestrial lycophytes and
ferns, 26 species had dual association of both AMand DSEfungi, whereas 11 species had only AM
fungal association. Vittaria elongata from epiphytic habitats had dual association of AMand DSE
fungi. Likewise, Cheilanthes tenuifolia (saxicolous or terrestrial), Cheilanthes opposita, Lepisorus

nudus, Pyrrosia lanceolata (terrestrial or epiphytic), and Asplenium lanceolatum (saxicolous or

dual a 1 DSE
fungi. Seventy two percent of the mycorrhizal lycoph)rtes and ferns had intermediate-type AMand

15 percent had both Paris- and intermediate-types at different sites. Significant variations in AM
fungal structures were evident in 16 ferns occurring in two or more sites. Nine AMfungal spore

morphotypes belonging to Acaulospora, Funneliformis, Glomus, Gigaspora, and Sclerocystis were

found to be associated with lycophytes and ferns.

Key Words. —arbuscular mycorrhiza, dark septate endophytic fungi, lycophytes, ferns, Paris-type,

intermediate-type, Kolli Hills, Eastern Ghats

A wide range of soil fungi colonize plant roots, of which the most common
and widespread are the arbuscular mycorrhizal (AM) fungi belonging to the

phylum Glomeromycota. These fungi facilitate the uptake of nutrients,

especially phosphorus (P) from nutrient deficient soils in exchange for host

photosynthates (Smith and Read, 2008). Other benefits for plants from the

fungal association include improved water relations, and tolerance to various

abiotic and biotic stresses. Surveys of AMassociations in vascular plants for

over a century have established their wide spread occurrence (Brundrett, 2009

and references therein). Nevertheless, many plant taxa from natmal ecosys-

tems world-wide are yet to be examined for their mycorrhizal status. Despite

their global distribution, the mycorrhizal status of lycophytes and ferns are

scant. Kessler et al. (2010a) indicated that the 971 taxa of lycophytes and ferns

whose mycorrhizal status was known to represent less than 10% of the global
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lycophyte and fern diversity. Since 2010, gametoph5^es and sporophytes of
several lycophytes and ferns from Malaysia and Indonesia (Kessler et al,

2010a), island of La Reunion (Kessler et al., 2010b), Argentina (Fernandez et

al., 2010; 2012; Martinez et al., 2012), India (Muthukumar and Prabha, 2012,
2013; Sarwade et al., 2012), Honduras (Zubek et al., 2010) and Japan (Ogura-
Tsujita et al., 2013) have been examined for their mycorrhizal status.

The AMcolonization patterns encountered within plant roots have been
designated as Arum-, Paris- or intermediate-types based on the distribution of
AM fungal structures. In Arum-type, the fungal hyphae spreads in the root
cortex intercellulary forming arbuscules on the lateral intracellular hyphal
branches (Dickson, 2004). In Paris-type, the spread of the fungus within the
cortex is intracellular forming hyphal coils within cells. Sometimes these
hyphal coils bear rudimentary arbuscules. Arum-type is presumed to be
formed in roots with high growth rates, and when the root cortex possesses
abundant intercellular spaces. In contrast, Paris-type is presumed to occur in
slow Rowing roots with limited or no intercellular spaces (Brundrett and
Kendrick, 1990). A range of intermediate types exist between typical Arum-
and Paris-types exhibiting the characters of both the types (Dickson, 2004).
Determining the morphological structures produced hy AMfungi is important
because, the AM fungal structures like hyphae (inter-and intra-cellular),
vesicles, arbuscules or arbusculate coils, and hyphal coils, have different rolesm the symbiosis (Dickson et al., 2007). It has been adequately demonstrated
that fungal structures such as arbuscules, hyphal as well as arbusculate coils
^e involved in nutrient transfers thereby indicating a functional association
(Smith and Smith, 2011). In contrast, abundance of intercellular or
intracellular linear hyphae and vesicles indicate a carbon cost to the host
Sanders and Fitter, 1992). The AMmorphology reported for a sample of

limited lycophytes and ferns (10%), indicates the wide spread occurrence of
Paris-type AM morphology (69%) compared to intermediate-type (28%)
Dickson et a/. 2007). In a recent study, Zubek et al. (2010) demonstrated

^e wide spread occurrence of Paris-type AMin ferns and lycophytes from
Honduras. However, intermediate-type AMmorphology was reported in roots
ot Lycopodium paniculatum and Equisetum bogotense from temperate forests

(Fernandez et al, 2008). Muthukumar and Prabha
(2013) showed that 93% of the lycophytes and ferns they examined from
different habitats in the Eastern and Western Ghats, south India, had
intermediate-type AMmorphology.

Plant roots including those of lycophytes and ferns are also colonized by
melanised or hyaline, regularly septate hyphae, with or without

mZxu e
“Us (Haselwandter and Read, 1982; Newsham,

1999). These fungi, commonly known as dark septate endophytes, appear to be^ '“O™ to colonize over 600 plant species

septate “'doph^e (DSE) fungal associations in lycophytes and ferns (Berch

2009^ rnh"l‘*’(
“h. 2008, 2010; Hodson et al.,

2009, Iqbal et al., 1981; Kessler et al., 2010a, 2010b; Lehnert et al , 2009;
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Muthukumar and Prabha, 2012; 2013). Recent studies suggest that DSE fungi

could enhance plant growth and health under controlled conditions (News-

ham, 2011). It has been speculated that DSEfungi could aid plants in the use ot

organic nutrients (Cladwell and Jumpponen, 2003). Further, it has also been

proposed that DSE-plant association need not be limited to nutrient

acquisition, but could be multifunctional (Mandyam and Jumpponen, 2005).

For example, DSE fungi could protect plants against pathogens and herbivores

through minimizing the carbon availability in the rhizosphere or ^ngh die

production of secondary metabolites (Mandyam and Jumpponen, 2005). It

therefore essential to assess plants for DSE fongal associations.

Approximately 900-1000 species of lycophytes ^d ferns ^
?7n

the Indian Himalayas and the Eastern and Western Ghats, Of these ™und

species of lycophytes and ferns occur in south India
^

reports of AMfongal status and morphology in Indian lycophytes

Jvy limited (see Muthukumar and Prabha, 2013

Eastern Ghats are isolated hill ranges occurring m
^ad? The

over the three Indian states of Orissa. Andhra Pradesh, and Nad“Jh^

Kolli Hills are among the eight that occur in the f
Ghats. Assessments of the florisUc diversity of the ‘ Hills ^

ment of farm lands and exotic plantations shifting
’ J’ 2oi|

fire wood collection and tourism

Sundaram and Parthasarathy, 2002).
Hered the vegetation and

large scale habitat destruction and substantially ^ Rere

carbon stock (Jayakumar 2002; ^th the ethnobotan-

Floristic analyses of Kolli Hills are m y meager for other

ical or medicinal uses of angiosperms, an
, 2011). Although,

plant groups (Arokiyaraj et al, 2007;
^ro^nd 80 species of

Gowrishankar et al. (2011) reported th P
jg no

lycophytes and ferns in their
®™^from this region. This prompted

report on the root fungal assomations
ferns of the Kolli

us to assess the AMand DSE
j J/jatiL^ttems and AM fungal

Hills. Further, we
This inforaation will improve our

diversity associated with these
distribution and abundance of root

knowledge and understanding
^ diis fragile ecosystem,

fungal associations in lycophytes and ferns in tms ir g

Materials and Methods

study sites and ranging from 200

78“ 30'E and a latitude of 11° 10 to 11 30 in wim
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Statistical analysis.— Data, on soil factors were subjected to analysis of
variance (ANOVA) to assess if any significant variations occurred in the soil

characteristics of different sites. The influence of plant species and sites on the
extent of AMand DSE colonization and root length with different structures
were analysed using Kruskal- Wallis non-parametric test as the data of fungal
variables failed to satisfy normality even after transformation (Zar, 1984). Post-
hoc comparisons were made using Mann-Whitney 17-test. As both AMand
DSE fungi occupy the same niche, the relation between these fungal variables
was examined using Pearson’s correlation to determine the nature of

Soji cAarac(eTO(ics.-The sandy loam (Site-A) and clay loam (Sites-B and C)
oils were slightly alkaline with pH ranging from 7.9 to 8.1. Electrical

Nranged from 10.3 mgkg
-

At ltd
Total P ranged between 0.6 mgkg"’ (Site-

A) 0.7 mg
1^^

(Sites-B and -C) . and exchangeable K ranged from 1 7.4 (Site-A)

F =n T7r P
l^ite-C). The variations in soil characters among sites (pH-

N-F,3=0.125; P-F,3=0.500; K-F,3=0.164] were not

snecips^Iln^
o/-dM/unga/ associations. —Among the 47 lycoph3Ates and fern

Sid rrv af fro"! the tlee different sites)

Srfacld AMr '™el). The aquatic fern A.

directly though the
structures. The entry of fungi into roots was either

at the entry point n
after the formation of a swollen appressorium

were S.Tpia e
^ mtraradical hyphas

(Fig 1 hi or haH n t

ntracellular, smooth or with knob-like projections

iin- o’ IZ ^

hyphal coils (Fig. led hi'
borne on intracellular hyphae or

brush-like (Fig i il v ’

i

limited to elaborate, sometimes lamp

my^rtizd roots of
^ were absent in

mycotThimT"yrapWra°Zd°fc®'™/'y’?® ~The majority (72%, 34/47) of the

diate-type mornhnlno 5 * features that were typical of intenne-

exhibitfd b7hlt®^ seven plant species (15%)

Paris-type was characteriLd^r^nf^^^i^^^'^^P®
AM morphologies. Typical

byphae and the presence of
the absence of inter- or intracellular hnem

reduced arbuscular nrolifpr f
hyphal coils or arbusculate coils with

type AMwas observed
'"^^^^llular vesicles. Such typical Paris-

ceae) and four fern sdptipq iT
^y^ophyte [Lycopodium cemuum, Lycopodia-

Marsilea minuta and Mnr^ii
^P^ochilus decurrens, Polypodiaceae;

^fent of AMfungal coloniznr'^^^''^'^'
^^^^il^^ceae) (Table 1, Fig. 1- a)-

root length colonized by ^ colonization

plant species. The average npL* structures varied significantly with
age percentage of root length with total AMcolonization
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(arrow heads) and hyphal entry into n
' -

r in Doryoptem
ds). d. Intracellular uypua- y
vesicle (v) in Pseudocychsoms xylodes.
vehicle ivj in

^busculate coils (ac) in Blechnum occidentale. g. ^ quercifolia with
arrow heads) in Leptochilus decurrens. h. IntraceUular h^hal cm

arrow heads) in

l«ioh-Iike hyphal projections (arrow heads): i. Lamp-brush like

Diplazium sylvaticum. Scale bars=50 pm.
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Table 2. Extended.



AMERICANFERNJOURNAL: VOLUME104 NUMBER2 (2014)

Table 2. Continued.

Plant species %RLH %RLV %RLAC

H statistics

Plant species (PS) (df, 46) 2014.974*** 2144.24*** 2741.20***

Site (S) (df. 2) 0.5942ns 45.289***

8.4848*
*

PS X S (df, 81) 924.14*** 863.58*** 500.64***

%RLHC

* RLH, Root length with hyphae; RLA/AC, Root length with arbuscules/arbusculate coils; RLV,

Root length with vesicles; RLC, Root length with hyphal coils; RLTC, Root length with total

colonization.

’*^’*‘RLDSH, Root length with dark septate fungal hyphae; RLMI/MO, Root length with

microsclerotia/ moniliform hyphae; RLDTC, Root length with total colonization.

Means ± S.E in a column followed hy same letter(s) are not significantly different.

* ** *** ns; Significant at p<0.05, p<0.01, p<0.001 and not significant respectively.

ranged from 19.24% (M. quadrifolia) to 84.17% {Sphenomeris cbinensis,

Lindsaeaceae) (Table 2). Average percentage root length with total AM
colonization for families ranged from 19.74% (Marsileaceae] to 83.18%

(Angiopteridaceae). Average percentage root length with total AMcolonization

of lycophytes in the present study (77.41 ± 4.09%) was slightly higher

compared to those of ferns (74.24 ± 2.39%). However, this variation in average

percentage root length with total AMcolonization between lycophytes and ferns

was not significant (l/ao.aeo = 4933; p>0.05). Life-forms differed significantly in

average percentage root length with total AM colonization (H4 =78.261,

p<0.001). The maximum average percentage root length with total AM
colonization occurred in terrestrial taxa (78.81%) and the minimum occurred

in ferns from marshy habitats (49.74%) (Fig. 2a). Although the variations in

percentage root length with total AM colonization between species was
significantly different, the differences between sites were not significant

(Table 2, 3). The percentage root length with h)^hae varied among taxa and
ranged from 0.67% (L. nudus) and 32.25% [Vittaria elongata, Vittariaceae). The
variations in percentage root length with hyphae among sites were significant

among species but not among sites (Table 2, 3). There were differences in

percentage of root length with hyphal coils both among species and sites. The
percentage of root length with hyphal coils ranged from 3.99% {Blechnum
occidentale, Blechnaceae) to 51.66% (L. cernuum, Lycopodiaceae). The
variation in percentage root length with hyphal coils among species, sites and
species X site interactions were highly significant (p<0.001). Percentage of root

length with arbusculate coils ranged between <1 [Drynaria quercifolia,

Polypodiaceae) and 36.18% [Asplenium indicum, Aspleniaceae). The differ-

ences in percentage root length with hyphal coils among species, sites and
species X site interactions were significant (p<0.001). The percentage root

length with vesicles ranged from <1% [Selaginella sp., Selaginellaceae) to

30.61% [Pseudocyclosonis xylodes, Thelypteridaceae) and the differences

among species, sites and their interactions were highly (p<0.001) (Table 2).
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Tmu4, Distribution ol arbuscuinr mycotthiriJ fungai species In different study sites in the KoUi

Hills (+, presence: absence)

’A, Solakkadu: B, Kuzhivalavu shola; C, Nachiyar kovil.

Occurrence of DSE fungal association. h^h^e, micro-

colonization, characterized by melanized or y j 33 fems (Table 1,

sclerotia and moniliform cells in root cortex was o
^ lycophytes

Fig. 4a-hl. However. DSE fungal stmctures
^ ^ Adiantum capiUus

and 11 fern taxa belonging to nine families. These inciu
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pellucida, Pteridaceae) to 4.53% [Adiantum hispidulum, Adiantaceae). The
percentage root length with microsclerotia ranged from 0.14% [Lygodium

microphyllum, Schizaeaceae) to 22.73% [D. quercifolid). The percentage and

root length with total DSEcolonization ranged from 0.14% (L. microphyllum)

to 27.40% {D. quercifolid) (Table 2). The percentage root length with total DSE
fungal colonization and root length with DSE fungal structures in Asplenium

tenuifolium (Aspleniaceae), C. tenuifolia, C. parasitica and V. elongata varied

significantly among sites. Significant differences existed in average percentage

root length with total DSE colonization (^4= 73.16, P<0.001) among various

life-forms (Fig. 2b), with epiphytic ferns (14.74%) possessing maximum
average percentage root length with total DSE fungal colonization and

terrestrial species (3.05%) recording the minimum percentage root length

with total DSE fungal colonization. Ferns examined from the marshy and

aquatic habitats lacked DSE fungal colonization. However, percentage root

length with total DSEcolonization and root length with DSE fungal structures

varied significantly among plant species and sites except for percent root

length with DSE fungal hyphae (Table 2, 5). The species X site interactions

were also significant for all the DSE fungal variables examined. Although a

significant negative correlation existed between percentage root length with

total DSEand AMfungal colonization (r = -0.269, p<0.01, n=130), the linear

association accounted only for 7.2% of the variance in the two variables.

Our results showed the frequent occurrence of AMassociation in lycophytes

and ferns of the Kolli Hills. This is in agreement with an earlier study

(Muthukumar and Prabha, 2013) where 24 of 26 species of ferns examined

from the Yercaud hills of the Eastern Ghats, south India were found to be

colonized by AMfungi. Surveys from many habitats worldwide indicate both

high (>75%) and low (<50%) incidence of AMin lycophytes and ferns (see

Muthukumar and Prabha, 2013, and references therein). To our knowledge,

AMassociation has been reported in 15 ferns and two lycophyte species for the

first time here. The lack of AMassociation in the aquatic fern A. pinnata is

consistent with previous observations of the aquatic ferns Azolla and Salvinia

(Gemma et al, 1992; Lee et al, 2001; Muthukumar and Udaiyan, 2000;

Ragupathy and Mahadevan, 1993). The non-mycotrophic nature of the free

floating aquatic fern A. pinnata could be due to two causes. First, as the fern

floats freely in water throughout the year, it has no chance of contacting

mycorrhizal inocula of any type unless it drifts to the shores. Second,

hydrophytes generally have a poorly developed root system as the necessary

nutrients could be absorbed directly by roots and shoot surfaces that are in

contact with water (Radhika and Rodrigues, 2007).

In contrast to A. pinnata, M. quadrifolia and M. minuta examined firom

marshy habitats in the present study were colonized by AM fungi, which

corroborates previous findings (Bajwa et al, 2001; Bareen, 1990; Iqbal et al,

1988; Radhika and Rodrigues, 2007). As soil moisture levels in marshy habitats
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Table 5. Extent of dark septate entophyte (USE) fungal colonization in lycophytes and ferns at

different sites of the Kolli Hills.

USEColonization^^

Plant species

Arachniodes amabilis

Asplenium indicum

Asplenium tenuifoliu

Blechnum occidental

Cheilanthes farinosa

Cheilanthes tenuifolia

t ± 1.38a 5.25 ± 0.95b
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Plant life-forms significantly affected the intensity of AMcolonization. The
average percentage root length with total AMfungal colonization of different

life-forms was in the order of terrestrial > saxicolous > epiphytes > marshy
plants. These results are in agreement with those of Fernandez et al. (2012) and
Gemmaand Koske (1995) where the incidence and intensity of AM was
reported to be higher for terrestrial species compared to other life-forms. All

epiphytic and saxicolous taxa observed in the present study were mycorrhizal
as previously observed (Gemma and Koske, 1995; Muthukumar and Prabha,

2013; Muthukumar and Udaiyan, 2000). Nevertheless, epiphytic or saxicolous

pteridoph 3hes are often reported to be non-mycorrhizal or facultatively

mycorrhizal in other studies (Berch and Kendrick, 1982; Fernandez et al.,

2010, Zubek et al., 2010). Lycophytes and ferns growing on bare branches or

rocks are frequently exposed to changes in water supply, as water holding

capacities of these surfaces are very low (Hietz, 2010). Furthermore, in these

extreme environments, high temperature along with strong wind currents may
dry these surfaces quite rapidly resulting in vegetative desiccation (Oliver et

al, 2000). Therefore, lycophytes and ferns existing on these habitats could

depend more on AM fungi for water and nutrients under these stressful

conditions as the association has been shown to ameliorate water stress (Smith

and Smith, 2011). The lack of AMpropagules has often been cited as a cause

for the low incidence of AM in epiphytic and lithophytic habitats.

Nevertheless, birds and animals could easily bring in the AM fungal

propagules to these extreme environments (Gemma et al., 1992; Gemmaand

Koske, 1995). In addition, AMfungal propagules could reach rock surfaces and

rock crevices through the movement of overhead dry soil, dispersal of

mycorrhizal root fragments by wind activity, and surface runoffs carrying

eroded soil (Berch and Kendrick, 1982).

Root colonization directly through the rhizodermis and the presence of AM
fungal hyphae within root hairs supports earlier observations (Berch and

Kendrick, 1982; Cooper, 1976; Fernandez etal, 2012) where this phenomenon

has been documented in lycoph 5des and ferns. Likewise, the morphologically

distinct types of intraradical AM fungal hyphae seen in roots have been

reported in vascular plants including ferns (Bentivenga and Morton, 1995;

Fernandez et al., 2012; Merryweather and Fitter, 1998). Arbuscule formation

on the intraradical hyphae or hyphal coils varied from very limited (e.g., L.

nudus, Diplazium sylvaticum, Woodsiaceae) to more elaborate (e.g., A.

incisum, B. occidentale) forms. These observations suggests the colonization

of pteridophyte roots by different AMfungal taxa as previously shown by both

conventional (root squash) and molecular studies (Muthukumar et al., 2009;

West et al., 2009).

The consistent presence of mycorrhizae as evidenced by the presence of

fungal structures in all the individuals of leptosporangiate ferns similar to the

observations of Lee et al. (2001) and Fernandez et al. (2012), fails to support

Boullard’s (1979) hypothesis that mycotrophy was inconsistent in the

advanced leptosporangiate ferns and Zhao’s (2000) suggestion that the most

recent commonancestor of pteridophytes was non-mycotrophic. In the present
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